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ABSTRACT ARTICLE HISTORY
Social media such as Twitter is increasingly being used as an effective platform Received 30 July 2018
to observe human behaviors in disastrous events. However, uneven social Accepted 1 November 2018

media use among different groups of population in different regions could
lead to biased consequences and affect disaster resilience. This paper Soci A
. . . . . Co. ocial media; Twitter;
studies the Twitter use during 2017 Hurricane Harvey in 76 counties in Hurricane Harvey; emergency
Texas and Louisiana. We seek to answer a fundamental question: did social- management; digital divide;
geographical disparities of Twitter use exist during the three phases of social and geographical
emergency management (preparedness, response, recovery)? We disparities
employed a Twitter data mining framework to process the data and
calculate two indexes: Ratio and Sentiment. Regression analyses between
the Ratio indexes and the social-geographical characteristics of the counties
at the three phrases reveal significant social and geographical disparities in
Twitter use during Hurricane Harvey. Communities with higher disaster-
related Twitter use in Harvey generally were communities having better
social and geographical conditions. These results of Twitter use patterns
can be used to compare with future similar studies to see whether the
Twitter use disparities have increased or decreased. Future research is also
needed to examine the effects of Twitter use disparities on disaster
resilience and to test whether Twitter use can predict community resilience.

KEYWORDS

1. Introduction

The ability of a community to prepare for, absorb, recover from, and more successfully adapt to dis-
astrous events is one way to define disaster resilience (Lam et al. 2016; National Research Council
2012). Disaster resilience can be better understood by investigating human behaviors during the
four phases of emergency management — preparedness, response, recovery, and mitigation (Federal
Emergency Management Agency [FEMA] 2006). Given the same level of threat from a hazard, com-
munities with different social and geographical characteristic have shown divergent experiences
across emergency phases (Cai et al. 2016; Lam et al. 2015, 2016; Li et al. 2015; Mihunov et al.
2018; Muttarak and Pothisiri 2013; Petkova et al. 2018; Thieken et al. 2007). However, a major chal-
lenge is that data describing communities’ behaviors in different phases of emergency management
are difficult to access through traditional databases.
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Social media, such as Twitter, provides an innovative approach to observe human behaviors
under emergencies in real-time. Previous studies have investigated the utility of social media in
emergency management and resilience after major disastrous events (Earle 2010; Kent and Capello
2013; Tsou 2015; Tsou and Leitner 2013), such as Hurricane Sandy in 2012 (Guan and Chen 2014;
Kryvasheyeu et al. 2015, 2016; Zou et al. 2018), Colorado Flood in 2013 (Liu et al. 2018), and Hur-
ricane Matthew in 2016 (Li et al. 2018; Martin, Li, and Cutter 2017). Their results demonstrate that
information extracted from social media data could be used to detect affected areas (Assumpgio et al.
2018), estimate potential damages (Kryvasheyeu et al. 2016), monitor evacuation and recovery pro-
cess (Guan and Chen 2014; Martin, Li, and Cutter 2017), improve emergency management (Yin et al.
2012), and enhance disaster resilience (Dufty 2012).

However, these previous studies also show that utilizing social media data alone to derive scien-
tific conclusions remains challenging. First of all, inaccurate or false information on location and
user characteristics could invalidate the results. Developing a social media data-mining framework
with standardized tools and indexes should help alleviate some of the problems and enable com-
parative analysis across events and regions (Zou et al. 2018). Secondly, social media use is known to
vary across demographics groups, with younger, urban dwellers being more inclined to use social
media than older, rural population (Li, Goodchild, and Xu 2013). This digital divide among dis-
parate groups of population and across different regions could lead to biased conclusions if analysis
is not carefully done. In the case of disasters, the social and geographical disparities of social media
use could generate uneven respone and affect the long-term resilience of the communities. Thus,
analyzing the patterns of social media use and its social and geographical characteristics across the
different phases of emergency management is important, and findings from these types of studies
should provide useful insights into reducing the disparities, reducing damage, and speeding
recovery.

This paper studies Twitter use during the 2017 Hurricane Harvey in 76 counties in Texas and
Louisiana. Hurricane Harvey made its first landfall in the United States on 25 August 2017 near
Rockport, Texas as a category-4 hurricane. It lingered over the Houston area and produced over
50 inches of rainfall, causing widespread flooding and damages in the region. This unprecedented
disastrous event is marked by controversies, especially on the issue of inadequate flood warning
due to the unexpected amount of rainfall (Friedman and Schwartz 2018). At the same time, a
new phenomenon emerged during the Harvey event: many residents in the Houston area resorted
to social media to call for rescue from flooded homes when the 911 system was overloaded. This
changing use of social media marks Harvey as one of the very first disastrous events in which social
media has played an important role in fast-responding and rescue missions in the response phase of
emergency management.

In this study, we seek to answer a fundamental question: did social and geographical dispar-
ities of Twitter use exist during three phases of emergency management (preparedness, response,
recovery)? We hypothesize that communities with better socioeconomic conditions had more
disaster-related Twitter use in all three phases of emergency management, implying that they
are more likely to access disaster information and get the responses for rescues. We will employ
the Twitter data-mining framework for resilience analysis developed in a previous study of Hur-
ricane Sandy to process the data and calculate two indexes: Ratio and Sentiment (Zou et al.
2018). Regression analyses between the Ratio indexes and the social and geographical character-
istics of affected counties during three phrases of emergency management are conducted to
identify the main social and geographical factors affecting Twitter use during the event. These
results can be used to compare with future similar studies to evaluate whether Twitter use dis-
parities have increased or decreased over time and whether such disparities may affect the resi-
lience of the communities. Findings from this study will further elucidate potential applications
and reveal the challenges of using Twitter in disaster resilience research and emergency manage-
ment improvement.
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2. Literature review

Social media use is rapidly changing and is increasingly infiltrating every sector of the society.
Through social media, numerous users can share or exchange information at any time in any
place. With the timestamps and geo-tags, every social media user can act as a smart sensor that col-
lects information about their current locations or share feelings of any topics on social media in real-
time. Analyzing social media data could provide useful information on understanding human
behaviors during an event. Social media is also an effective way to measure public attitudes towards
different global themes.

Because of the real-time nature and easy online access of the information, social media data
such as Twitter data have increasingly been used to examine a variety of hazardous events and
emergency management activities. Zou et al. (2018) provides a summary of the literature on
social media use during disasters (Dufty 2012; Earle, Bowden, and Guy 2012; Kent and Capello
2013; Li, Goodchild, and Xu 2013; Lindsay 2011; Mandel et al. 2012; Merchant, Elmer, and
Lurie 2011; Rizza and Pereira 2014; Shelton et al. 2014; Tsou 2015; Tsou and Leitner 2013).
For instance, Dufty (2012) suggested that social media could play a significant role in building
community resilience through risk reduction, emergency management, and post-hazard recov-
ery. Earle, Bowden, and Guy (2012) demonstrated that Twitter activities could help identify
affected areas faster than traditional monitoring methods during earthquakes. Kent and Capello
(2013) analyzed the spatial patterns of user-generated contents on several social media plat-
forms during the Horsethief Canyon fire of 2012. Their results show that regions with greater
hazard threat levels, more young people, denser population and higher awareness levels pro-
duced more valuable disaster-related information on social media platforms. Several studies
analyzed Twitter activities during Hurricane Sandy and concluded that monitoring activities
on social media can help estimate damage and monitor post-disaster recovery status (Guan
and Chen 2014; Kryvasheyeu et al. 2015, 2016; Shelton et al. 2014; Wang and Taylor 2014;
Zou et al. 2018).

Most recently, Li et al. (2018) proposed a novel approach of using Twitter data for rapid flood
mapping. By integrating Twitter data with stream gauge data and Digital Elevation Model data,
their model could generate a reliable flood extend map in near real-time. Martin and others leveraged
Twitter data to analyze residential evacuation behaviors during Hurricane Matthew in 2016 (Martin,
Li, and Cutter 2017). Their research confirms that social media could be used to monitor public
awareness and evacuation behavior during emergencies.

Despite the above successful studies, there are significant theoretical as well as technical
issues related to the use of social media in emergency management and disaster resilience
research. Significant technical issues include how to mine the huge volume of data which
often have unrelated or false information, and how to develop efficient computer algorithms
to visualize and identify social networks and relationships (Tsou 2015). As the amount of
data created by social media grows, it is necessary to develop a social media data-mining frame-
work to extract useful information from social media data and enable the comparison of social
media activities across events and spaces. In terms of theoretical challenges, a major issue is the
social and geographical disparities in social media use. Such disparities could have dire conse-
quences in emergency management and disaster resilience (Li, Goodchild, and Xu 2013; Sloan
et al. 2015). In an attempt to address the above two challenges, Zou et al. (2018) developed a
geospatial data-mining framework with standardized indexes for analyzing Twitter use during
disasters. The researchers applied the framework to study Hurricane Sandy and found signifi-
cant social and geographical disparities in Twitter use existed in the event. Although social
media use has become more popular nowadays, the digital divide in disaster-related social
media use, which may affect the emergency management and disaster resilience building,
needs more investigation.
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3. Study area and data
3.1. Study area

Hurricane Harvey developed from a tropical wave to the east of the Lesser Antilles in the Caribbean
Sea, reaching tropical storm status on 17 August 2017. On August 25 night, Harvey strengthened
into a major hurricane at the intensity of Category-4, and made its first landfall near Rockport,
Texas, at peak intensity (Figure 1). On August 26 morning, Harvey made its second landfall on
the northeast of Copano Bay, Texas. Afterwards, Harvey had downgraded to a tropical storm as it
stalled near the coastline of Texas, dropping unprecedented amounts of rainfall over Houston metro-
politan areas. On August 28, it emerged back over the Gulf of Mexico, strengthening slightly before
making a third and final landfall in Cameron, Louisiana on August 30. As Harvey drifted inland, it
quickly weakened again and became extratropical storm on September 1, before dissipating on 2 Sep-
tember 2017 (Blake and Zelinsky 2018).

Harvey was the costliest tropical cyclone on record, inflicting approximately $125 billion in
damage, primarily from widespread flooding in the Houston metropolitan area (National Oceanic
and Atmospheric Administration [NOAA] 2018). Many areas received more than 40 inches of
rain in less than one week as the system slowly meandered over eastern Texas and adjacent waters,
causing catastrophic flooding. With peak accumulations of 60.58 inches, Harvey was the wettest tro-
pical cyclone on record in the United States. The resulting floods inundated hundreds of thousands
of homes, displaced more than 30,000 people, and prompted more than 17,000 rescues (Blake and
Zelinsky 2018).

3.2. Twitter data

This study examines the disaster-related Twitter use during Hurricane Harvey. Twitter is a social
media service that allows users to send and receive up to 140-character text messages (Twitter has
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Figure 1. Track and timeline of Hurricane Harvey.
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officially expanded its character count to 280 after November 2017), images, or website links,
referred as ‘tweets’, through any online device. As one of the most popular social networking
sites, more than 500 million tweets are posted on Twitter every day (based on authors’ estimation),
which makes it possible to obtain a large amount of information on human responses during any
event. Twitter provides public Application Programming Interfaces (APIs) to help researchers col-
lect data and analyze Twitter activities in near real-time. In addition to the tweet content and time-
stamps, the locational information of Twitter users could be obtained through different methods,
which enables researchers to conduct spatial analysis.

In this research, Twitter data were obtained from Internet Archive (https://archive.org/), an
online library which provides 1% (about 5 million tweets per day in 2017) randomly collected tweets
from the full Twitter database since 2012 (Zou et al. 2018). Each tweet record contains information
including the time when the tweet was created, tweet content, coordinates or places attached to the
tweet, and information in the user profiles such as users’ descriptions, addresses, account history, and
follower/following statuses. We downloaded the Twitter data from 17 August to 12 September 2017
from this library. Five attributes derived from the Twitter data were used in this study: time when the
tweet was created, text content, coordinates, place, and address in the user profile. Time of tweets was
used to tabulate the Twitter data into the three stages of the emergency management cycle (prepa-
redness, response, and recovery). Text contents were used for classification and sentiment esti-
mation, while the latter three geographic elements were used to determine the location of each
tweet. Twitter data during Hurricane Sandy (23 October — 12 November 2012) were also accessed
from Internet Archive so that we could compare the disaster-related Twitter uses between the two
hurricane events.

3.3. Geographical and social data

In addition to Twitter data, we collected 17 social-geographical variables (Table 1). Two hazard vari-
ables, including rainfall threat and wind threat, were derived from the rainfall observations (Figure
2A) and hurricane track data (Figure 2D) from the National Hurricane Center under NOAA
(NOAA 2018). There are 3,085 rainfall observation stations in Texas and Louisiana, each recording
daily rainfall depth from 25 August to 4 September 2017. Empirical Bayesian Kriging (EBK) interp-
olation in ArcGIS 10.6 was used to generate a continuous surface of rainfall depth in Texas and
Louisiana based on the cumulative rainfall depth during that period (Zou et al. 2015; Figure 2B).
The neighborhood searching number in EBK was defined as 12 neighboring observations with a
grid size of 30m*30m. Rainfall threat in each county was computed as the averaged interpolated

Table 1. List of geographical and social variables.

Category Abbreviation Variable
Geographical (Hazard Threats) Rainfall Averaged interpolation of rainfall observations from Harvey, 2017
Wind Averaged kernel density by hurricane track and wind speed, 2017
Geographical (General) Elevation Mean elevation within the county, 2012
Impervious Mean impervious rates within the county, 2014
WaterRate % of water areas within the county, 2000
PctUrban % urban areas within the county, 2016
Social MedAge Median age of residents within the county, 2016
Education % population over 25 with a bachelor or a higher degree, 2016
Hincome Median household income, 2016
FemaleH % female headed households, 2016
MobileH % mobile households, 2016
NoPhone % housing units without telephone service available, 2016
Poverty % population living in poverty, 2016
NoVehicle % households without a vehicle, 2016
EmployR % civilian workforce that is employed, 2016
PctYoung % population 17 to 29 years old, 2016

PopDensity Population density, people per squared kilometers, 2016




6 L. ZOU ET AL.
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Figure 2. (A) Rainfall observations during Hurricane Harvey in Texas and Louisiana; (B) interpolated rainfall depth by Empirical
Bayesian Kriging; (C) rainfall threat, averaged county-level rainfall depth; (D) track and wind speed of Hurricane Harvey; (E) kernel
density surface by hurricane track and wind speed; (F) wind threat, county-level averaged kernel density.

rainfall depth of all grids within a county (Figure 2C). Wind threat in a county was calculated as the
averaged kernel density based on the location of the hurricane track and its wind speed using ArcGIS
10.6 (Figure 2E&F). The grid size was the same (30m*30m), with a bandwidth of 500 km, which is
the largest extent of Hurricane Harvey (NOAA 2018).

Four geographical variables, including mean elevation, impervious rate, water rate, and percent
urban by county were obtained from Mihunov et al. (2018), who processed and tabulated the original
data from the U.S. Geological Survey into county-level estimates. A total of 11 socioeconomic vari-
ables (Table 1) collected for the year 2016 (before Hurricane Harvey) were accessed from the U.S.
Census (see https://www.census.gov/). The selection of these variables was based on three reasons.
First, the same set of ten socioeconomic variables (except population density) and wind threat in
Zou et al. (2018) were selected, since these eleven variables were found significant in indicating
the resilience of communities and the results could be compared to previous studies. Second, we
added population density, elevation, impervious surface rate, and percent urban to this study because
they were found important in representing disaster resilience in previous studies (Cai et al. 2018;
Mihunov et al. 2018; Reams, Lam, and Baker 2012; Zhao et al. 2018). Third, the rainfall threat
was included because of the disastrous flooding caused by tremendous rainfalls during Hurricane
Harvey. These 17 selected variables, together representing the social and geographical environments
of the community, can be used to test the hypotheses that digital divide in disaster-related twitter use
existed during the three phases of emergency management.

4. Methods
4.1. Twitter data mining

We followed the Twitter data-mining framework developed in Zou et al. (2018) for studying Hurri-
cane Sandy and modified slightly for this study (Figure 3). First, we used 10% randomly selected
tweets during the collection period as the background tweets. Similar to the Hurricane Sandy
study, the unfiltered Harvey-related tweets were extracted based on four keywords: hurricane, Har-
vey, flood, and storm. These four keywords have been suggested by other studies as an effective set of
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Figure 3. Twitter data mining framework (modified from Zou et al. 2018).

words to capture disaster-related tweets during hurricanes while avoiding too much unrelated infor-
mation before and after events (Kryvasheyeu et al. 2015; Shelton et al. 2014). Any tweet containing
one of the four keywords during the four weeks (17 August to 12 September 2017) was identified as
an unfiltered Harvey-related tweet.

The data collection is implemented in a Hadoop Distributed File System (HDFS) with eight
nodes. All selected background and unfiltered Harvey-related tweets were stored in a sharded Mon-
goDB database (see https://www.mongodb.com/), which is well suited for social media data manage-
ment due to its fast speed in data transmission (Walther and Kaisser 2013). Each Node, running
MongoDB, is part of the Spark cluster and considered a spark worker. MongoDB connector for
Spark maintains the connection between Spark environment and MongoDB. Machine learning
applications and further analysis are being scheduled and distributed via Apache Spark and Yarn
scheduler. Compared to the Twitter data mining framework in Zou et al. (2018), the framework
used in this analysis with HDFS, Apache Spark, and local geocoding server is more suitable for
data collection and processing of large-size dataset.

The second step was to determine the location associated with each tweet, which could be realized
by three approaches: geo-tags embedded in tweets, addresses in user profiles, or locational infor-
mation in the tweet contents. Only the first two methods were used in this study. Twitter data
with geo-tags contain either a pair of latitude-longitude coordinates or a Twitter suggested place
name. For cases without geo-tags, the addresses in the user profiles were used to represent their
associated locations. We updated the geocoding module developed in Zou et al. (2018) (Figure 3)
to accomplish the transformation of Twitter suggested place names or user addresses into pairs of
coordinates. The geocoding module was based on a local Nominatim server, which uses OpenStreet-
Map planet data (https://planet.openstreetmap.org/, accessed in November 2017) as its data source
and is managed by PostgreSQL and PostGIS databases. Compared with other commercial geocoding
services, such as Google or ArcGIS geocoding APIs which have strict rate limits for free use by public
users, the local Nominatim server provides unlimited geocoding services without rate restrictions,
which makes it possible to handle large number of geocoding requests in a short time period
(Singh 2017).

The third step was sentiment analysis. Sentiment analysis is the process to assign a sentiment
score or category to each record based on its tweet content. The Sentiment module in this study uti-
lizes the Valence Aware Dictionary and sEntiment Reasoner (VADER), a lexicon and rule-based
python package for sentiment scoring, to evaluate the emotion status of each tweet (Hutto and Gil-
bert 2014). VADER assigns a sentiment score ranging from —1 (most negative) to 1 (most positive)
to each input text message. Previous studies have successfully applied the VADER sentiment module
to evaluate sentiment scores of Hurricane Sandy tweets (Zou et al. 2018), poll public attitude towards
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breast cancer screening (Wong et al. 2016) and predict election results from Twitter (Ramteke et al.
2016). After each selected tweet was geocoded and assigned a sentiment score, it was imported into
the background and unfiltered Harvey databases, respectively.

The fourth step was filtration. Hurricane Irma was formed and named on 30 August 2017 when
Hurricane Harvey was still devastating the Gulf of Mexico and made its third landfall on coastal
Louisiana. The issue of collecting Irma-related tweets to Harvey database arises when users tweeted
about Hurricane Irma after August 30 using one of the same keywords: hurricane, storm, or flood.
We used an ‘Irma’ filter to exclude those cases. If one tweet mentioned ‘Irma’ but did not mention
‘Harvey’, then this tweet is identified as not related to Hurricane Harvey. Tweets not excluded by the
‘Irma’ filter in the unfiltered Harvey database were stored in the filtered Harvey database.

Fifth, we calculated two Twitter indexes, Ratio and Sentiment, from the Background and the two
Harvey databases. Ratio index is the number of disaster-related tweets divided by the number of
background tweets (equation 1), while Sentiment index is the averaged sentiment scores (equation
2). Both indexes can be tabulated into different spatial and temporal scales. Previous studies have
demonstrated the uses of Ratio index in damage estimation (Zou et al. 2018), flood mapping (Li
et al. 2018), and assessing citizen awareness on climate change (Kirilenko and Stepchenkova 2014,
2015), while Sentiment index has been applied to survey public mood and attitudes towards critical
global themes (Bollen, Mao, and Zeng 2011; Cody et al. 2015) and emergency management (Kryva-
sheyeu et al. 2016; Zou et al. 2018).

# Disaster — related Tweets

Ratio = 1
ato # Background Tweets 0

Sentiment = Mean(sentiment scores) (2)

4.2. Data analysis

Twitter indexes (Ratio and Sentiment) were derived at multiple spatiotemporal scales. First, Ratio
and Sentiment indexes for both Hurricanes Harvey and Sandy were calculated hourly and daily at
the U.S. national scale to provide and compare the general trends of public awareness and sentiment
toward these two events. To distinguish the spatial patterns of public awareness to Hurricane Harvey
from Hurricane Irma, two U.S. county-level maps of Ratio index for the whole period were created
using the unfiltered and filtered Harvey dataset, respectively.

Second, county-level Ratio indexes were tabulated into preparedness, response, and recovery
phases in the severely affected counties in the states of Texas and Louisiana. If a county has very
few background tweets, the small number problem might occur when computing the Ratio indexes.
Therefore, as in Zou et al. (2018), we used a threshold of 50 background tweets to select counties with
active Twitter use and 126 out of 191 counties were selected for more detailed analysis of Hurricane
Sandy. Also, only counties that suffered rainfall and wind threats during Harvey were included in the
analysis. A total of 76 counties in the two states were selected for Hurricane Harvey analysis based on
these above criteria.

Ratio indexes for each selected county were tabulated into preparedness, response, and recovery
phases according to FEMA’s emergency management framework (Figure 4). By tabulating Twitter
activities into the three phases, we can better understand the factors affecting disaster-related Twitter
use in different phases. We defined a week before the landfall of Harvey as the preparedness phase
(17-24 August), nine days during the landfall as the response phase (25 August — 02 September), and
ten days after as the recovery phase (3-12 September; Figure 4). Since mitigation is a long-term
recovery and adaptation process, information extracted from the post-disaster Twitter dataset (10
days after the event) may not be sufficient to provide a complete picture on mitigation. Therefore,
this study only considered the first three phases of emergency management for subsequent analysis.
Similarly, the preparedness, response, and recovery phases for Hurricane Sandy were defined as
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Figure 4. The four phases of emergency management.

23-28 October, 29-31 October, and 1-12 November 2012, according to Zou et al. (2018). Summary
statistics of Ratio and Sentiment indexes in different phases during Harvey and Sandy at the regional
level were computed and compared.

Third, to test whether geographical and social disparities in disaster-related Twitter use existed
across different phases in severely affected counties, we first computed the Pearson correlations
between the Ratio index at different phases and the 17 geographical-social variables (Table 1).
Then, we conducted stepwise linear regressions to identify the geographical and social variables
that are significant in affecting the Ratio index. Four models were derived for the preparedness,
response, and recovery phases, and for the entire period.

5. Results and discussion

The Twitter data collected for this study are summarized in Table 2. During the study period (17
August-12 September 2017), a total of 458,290 out of 125 million (0.37%) tweets were collected
into the unfiltered Harvey database. Among them, 268,464 (58.6%) tweets were successfully geo-
coded to a location (this number included 6,618 or 1.4% of tweets that had geo-tags). After the
‘Irma’ filtration, 385,213 tweets out of 125 million background tweets (0.31%) were collected into
the filtered Harvey database. Among them, 218,694 (56.8%) tweets were successfully geocoded to
a location based on users’ addresses or attached places, while 5,633 (1.5%) tweets had geo-tags
with coordinates. Meanwhile, 12,533,794 (10% of the total tweets) background tweets were randomly
selected from the data library, and 4,077,447 (32.5%) of them were successfully geocoded or had geo-
tags and used as a base layer to normalize the Harvey-related tweets. Because the selected back-
ground tweets are one tenth of the whole database, all calculated Ratio indexes were divided by
ten to derive the true Ratio indexes. Results from the three analyses are summarized as follows.

5.1. The spatial-temporal patterns of the U.S.

Figure 5 depicts the temporal variations of Ratio and Sentiment indexes in the United States, which
reflects the general trend of public awareness and sentiment towards Hurricanes Harvey (Figure 5A)

Table 2. Twitter data collected from internet archive (17 August-12 September 2017).

Databases Total Tweets Addresses/Places Geo-tags Geocoded

Background 12,533,794 3,939,518 (31.4%) 137,929 (1.1%) 4,077,447 (32.5%)
Unfiltered Harvey 458,290 261,846 (57.1%) 6,618 (1.4%) 268,464 (58.6%)
Filtered Harvey 385,213 218,694 (56.8%) 5,633 (1.5%) 224,327 (58.2%)
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Figure 5. Temporal trends of hourly and daily Ratio and Sentiment indexes in the U.S. during (A) Hurricane Harvey in 2017 and (B)
Hurricane Sandy in 2012.

and Sandy (Figure 5B) through time. The Ratio and Sentiment indexes using the filtered Harvey
dataset were aggregated hourly and daily and represented as blue and red lines, respectively. The
dashed black line represents the daily Ratio indexes using the unfiltered Harvey dataset. Compared
to the unfiltered Harvey-related dataset, the filtered Harvey dataset shows significantly lower Ratio
values after Hurricane Irma was formed, especially after 2 September 2017 when Harvey dissipated.
This phenomenon is quite unique, as we seldom experienced two hurricanes hitting the U.S. within a
short time span. It shows that keyword-based collection alone may collect a large amount of infor-
mation not targeted to the specific event. Through a combination of keyword-based and rule-based
collection, such as the ‘Irma’ filter in this case, we can effectively remove Irma-related tweets into the
filtered Harvey database.

Table 3 lists the summary statistics of Ratio and Sentiment indexes during Harvey. We also list
both indexes for Sandy to provide a context for comparison. For the Harvey event, the daily
Ratio indexes ranged from 0.002 to 0.044, with an average value of 0.016. The highest hourly
Ratio index value was at 1:00 pm. on 27 August 2017 when the rainfall was heaviest, whereas the
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Table 3. Summary statistics of daily Ratio and Sentiment indexes at the national level during Harvey and Sandy.

Hurricane Daily Twitter Indexes Minimum Maximum Mean
Harvey (2017) Ratio 0.002 0.044 0.016
Sentiment —0.05 0.098 0.036
Sandy (2012) Ratio 0.001 0.059 0.010
Sentiment 0.005 0.229 0.088

highest daily Ratio index value were during 27-29 August 2017 when the Houston metropolitan area
suffered extensive flooding due to the heavy rainfall. These Ratios were very similar to that of Sandy
(0.001 to 0.059, with an average of 0.010), suggesting that the degree of awareness in United States
between the two hurricanes is very similar despite a five-year difference in time between the two
events.

The Sentiment scores tabulated for the entire period at the national level between the two events
differ slightly. For Harvey, the Sentiment scores ranged from —0.05 to 0.098 with a mean of 0.036,
compared with a range of 0.005 to 0.229 and a mean of 0.088 for Sandy (Table 3). In general, Harvey
has a narrower range and a more negative sentiment than Sandy. Figure 5 shows that there is no
distinct pattern of Sentiment scores for Harvey at the national level, whereas for Sandy, a gentle
dip in the Sentiment scores in the response phrase is observed.

To exemplify how people utilized Twitter during disasters and how tweets associated with the
Sentiment scores, the top five saddest and happiest filtered Harvey-related tweets by Sentiment
scores during the four weeks are listed in Table 4. The lowest and highest Sentiment scores of all
tweets were —0.9482 and 0.9413, respectively. Two of the saddest Harvey-related tweets connected
Hurricane Harvey with other tragic events around the world, one was worrying about the robbery
caused by Hurricane Harvey, and the other two were simply depressed about this event. On the con-
trary, most of the happiest tweets were praying for or expressing their supports to people suffered
from Hurricane Harvey.

The spatial patterns of county-level Ratio indexes in the United States during the entire period are
displayed in Figure 6. A total of 1,877 counties with more than 25 background tweets were selected
for the mapping to avoid the small number problem. Two maps were generated using the unfiltered
and filtered Harvey datasets, both of which show very distinct patterns. The Ratio map using the
unfiltered Harvey database shows two clusters of high Ratio values, one in coastal Texas and the
other in Florida (Figure 6A), whereas the Ratio map using the filtered Harvey dataset shows that
most of counties with high Ratio values were concentrated along the Texas coastline, including
the metropolitan areas of Corpus Christi, Houston, and San Antonio, and no cluster of high

Table 4. The top 5 happiest and saddest filtered Harvey-related Tweets by Sentiment scores.

Rank Tweet content Scores

Top 5 saddest tweets

1 #gorakhpur tragedy #railway accidents #floods so many innocent deaths but no one took to streets —0.9482

2 not only do we have to worry about flooding we now have to worry about people robbing?! seriously? that shit —0.9342
is so sad

3 past few weeks news dominated by death & tragedy:(1. floods 2. swine-flu -250+ dead 3. gorakhpur-100+ —0.9313
babies dead 4. rail tragedy-40+ dead

4 feel awful for everyone effected by flooding. wouldn't wish it on my own worst enemy. out of our house for —0.9162
months when it happened to us.

5 seeing a hurricane on the news is scary but seeing a hurricane devastate ur hometown is heartbreaking —0.9144

Top 5 happiest tweets

1 to all my #texas friends may safety peace and comfort surround you. you are loved. #hurricaneharvey 0.9413

2 dear god comfort those affected by the flood provide their need restore hope and most of all bless them to see  0.9194
you at work in their life!

3 god may not calm the storm, but his peace will definitely calm your heart. be at peace! 0.9180

4 wow thank you bow wow hurricane over houston is saved 0.9169

5 texas! i'm thinking of you. sending you strength light and love. please be safe. #hurricaneharvey 0.9168
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Figure 6. Comparison of county-level ratio indexes of Hurricane Harvey in the United States: (A) unfiltered Harvey dataset (B)
filtered Harvey dataset.

Ratio values were found in Florida (Figure 6B). This is expected since many users in Florida had
started to discuss Hurricane Irma during the overlapping period.

5.2. The spatial-temporal patterns in coastal Texas and Louisiana

Zooming into the severely affected area and tabulating the tweets into three phases reveals more
information on how public awareness changed through the three phases. As mentioned above, a
total of 76 counties in Texas and Louisiana were selected for the regional analysis because they
had more than 50 background tweets and encountered threats from both wind and rainfall from
Harvey. Figure 7 maps the spatial patterns of the Ratio indexes for the whole period and at the
three phases using data of the 76 counties. These maps clearly show that higher Twitter use were

(A) Whole

(B) Preparedness

S T
s e Watll
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(D) Recovery
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=smm=s Track of Hurricane Harvey |:| Counties with less than 50 background tweets or zero threat level

Figure 7. County-level ratio indexes for the entire period and at different phases of emergency management in affected areas.
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Table 5. Summary statistics of Ratio and Sentiment indexes in different phases during Harvey, tabulated at the regional level.

Twitter Indexes Phase Minimum Maximum Mean Mean (Sandy)
Ratio Whole 0.0000 0.0572 0.0265 0.0185
Preparedness 0.0000 0.0525 0.0081 0.0199
Response 0.0000 0.1819 0.0718 0.0623
Recovery 0.0000 0.0520 0.0133 0.0070
Sentiment Whole —0.2309 0.2842 0.0714 0.0398
Preparedness —0.5442 0.6125 0.0376 0.0363
Response —0.1964 0.3487 0.0833 0.0265
Recovery —0.5707 0.4588 0.0229 0.0906
0.08 0.1 -
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Figure 8. Comparison of the mean county-level Twitter indexes in the affected areas during Hurricanes Harvey and Sandy: (A)
Ratio, (B) Sentiment.

concentrated in the Houston metropolitan area, with the highest Twitter activities occurring in the
response phrase.

Table 5 lists the summary statistics of Ratio and Sentiment indexes in different phases during
Harvey. The mean indexes of the 126 counties affected by Sandy are also included to enable com-
parison (Zou et al. 2018). Figure 8 provides a better visualization of Table 5 by plotting the mean
values of the two indexes in the three phases for the two hurricanes. The results show that Twitter
use patterns in the three phrases were very similar between the two hurricanes, with Harvey on aver-
age having a slightly higher Ratio than Sandy (0.0265 vs. 0.0185). Twitter use was the highest in the
response phase, whereas the lowest Twitter use (i.e. Ratio index) was found in the preparedness
phase for both hurricanes.

However, there is a marked difference in the Sentiment scores between Harvey and Sandy (Figure
8B). For Harvey, the highest Sentiment scores were in the response phrase and the lowest Sentiment
scores were in the recovery phase. For Sandy, the pattern was reversed, with the highest and the lowest
Ratio indexes being in the recovery and response phases, respectively (Zou et al. 2018). This contrast
could be explained by the following three reasons. First, there was insuflicient flood warning for Har-
vey because of the unexpected amount of rainfall. Residents in the impacted areas were underprepared
for this event. During the response phrase, more Twitter users started to share disaster-related infor-
mation, ask for help, or help victims in the rescue operation. Since more tweets were used to convey
disaster information and they generally had fewer emotional words, this could lead to higher Senti-
ment scores during the response phase. However, in the recovery phrase, the catastrophic flooding
caused by Hurricane Harvey had a lingering effect. The flood water hindered residents’ daily lives
and reminded them of the damage caused by Harvey, their tweets were more likely to be negative
and emotional, thus leading to a lower Sentiment score. Third, Hurricane Irma was formed and
made its landfall in the U.S. during the recovery phase of Hurricane Harvey, which could make
many users to connect these two events together. All three reasons could result in higher Sentiment
scores in the response phase and lower Sentiment scores in the recovery phase for Harvey.
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5.3. Social and geographical disparities

Pearson correlations and stepwise linear regression analyses between Ratio indexes and the 17 social-
geographical variables at the three phases and for the entire period were conducted to test the main
hypothesis that communities with better socioeconomic conditions had more disaster-related Twit-
ter use in all three phases of emergency management. This analysis resulted in four regression
models with R? of 0.42, 0.40, 0.48, and 0.16 for the whole, preparedness, response, and recovery
phases, respectively (Table 6). The standardized regression coefficients listed in each model can be
used to evaluate the relative importance of the selected variables on the Ratio indexes. The model
for the whole period provides a general view of the relationships between disaster-related Twitter
use and social-geographical conditions. Rainfall threat, wind threat, household income, and percen-
tage of young population between 17 and 29 years were found to be positively correlated with the
Ratio index (Ratiowole)-

An examination of the three models for the different phases further reveal how social-geographi-
cal conditions affect disaster-related Twitter use during the cycle of emergency management. In the
preparedness phase (the second model), Ratio index was positively associated with wind threat while
negatively associated with percentage of households without a vehicle and median age. In the
response phase (the third model), the social-geographical disparities were most significant, and
the model yielded the highest R of all models (0.48). In this model, rainfall threat, instead of
wind threat, was selected as a positive indicator, while percentages of mobile homes, female-headed
households, and households without telephone services were negatively associated with disaster-
related Twitter use. In the recovery phase, neither rainfall threat nor wind threat were selected in
the model, and only household income (positively associated) and elevation (negatively associated)
were selected, though this last model yielded the lowest R* (0.16). All four models support the
hypothesis that communities with better social-geographical conditions had higher Twitter use.

Two additional observations are made here. First, the changing hazard threats through the three
phases during Harvey have been adequately reflected by the Twitter use, which also reflects residents’
perception of risks. In the preparedness phase, residents’ perceptions of disaster risk were based on
hurricane forecasts with projected hurricane track information. Therefore, as residents along the
hurricane track are more aware of the risks, they are more likely to tweet. As a result, the wind threat
variable was selected in this phase. In the response phase, communities with high rainfall threat were
at high risk of intensive flooding that residents payed more attention to hazard information, asked
for help, or helped others on Twitter. All these reasons led to increased Twitter use, and the rainfall
threat variable was selected. In the recovery phase, neither wind threat nor rainfall threat were sig-
nificant in affecting disaster-related Twitter use. The Pearson correlations (Table 7) further illustrate
the changing perception of residents on disaster risk, with the highest correlations between Ratio
index and wind and rainfall threats occurred in the preparedness and response phases.

From a socioeconomic perspective, percentages of households without a vehicle, mobile homes,
female-headed households, and households without telephone services are common indicators of
low socioeconomic conditions, while average household income and percentage of young population
are considered positive indicators of community resilience. The relationships found in all four
models and the correlation analysis show positive and significant correlations between socioeco-
nomic conditions and disaster-related Twitter use in all phases and the entire period (Table 7). Vari-
ables positively correlated with the Ratio indexes were positive indicators of disaster resilience

Table 6. Stepwise regression models (p-value < 0.05) between Ratio indexes and the 17 variables.

Phases Model R?
Whole Ratiowpole = —0.014 + 0.374 * Rainfall + 0.232 x Wind + 0.364 * Hincome + 0.202 * PctYoung 0.42
Preparedness Ratiopreparedness = 0.026 + 0.564 s Wind — 0.254 x NoVehicle — 0.243 « MedAge 0.40
Response Ratiogesponse = 1.033 + 0.587 s Rainfall — 0.357MobileH — 0.232 % FemaleH — 0.180 x NoPhone 0.48

Recover Ratiogecovery = 0.002 + 0.389 * Hincome — 0.232 « Elevation 0.16
y y
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Table 7. Pearson correlations between Ratio indexes and the 17 variables.

Pearson Correlation r Ratiownole RatiOpreparedness Ratiogesponse Ratiogecovery
Rainfall Threat 0.425%* 0.077 0.508** 0.230*
Wind Threat 0.321** 0.564** 0.250* 0.043
MedAge —0.170 —0.279* —0.149 —0.037
Education 0.272* 0.073 0.278* 0.144
Hincome 0.404*%* 0.242*% 0.359%** 0.312**
PctUrban 0.280* 0.131 0.265* 0.199
FemaleH —0.239 —0.01 —0.282* —0.035
MobileH —0.292* —0.296** —0.277* —0.125
NoPhone 0.035 -0.114 0.024 0.159
Poverty —0.268* —0.139 —-0.216 —0.262*
NoVehicle —0.325%* —-0.116 —0.308** -0.178
EmployR 0.320** 0.292* 0.250* 0.254*
PctYoung 0.114 0.112 0.134 —0.039
Elevation —0.102 —0.081 —0.099 —0.158
Impervious 0.276* 0.124 0.273* 0.203
waterrate 0.032 0.039 0.038 0.007
PopulationDensity 0.272* 0.129 0.273* 0.176

*p-value < 0.05.
**p-value < 0.01.

(Education, HIncome, PctUrban, EmployR, PctYoung, Impervious, and PopulationDensity). Nega-
tive indicators of disaster resilience, including MedAge, FemaleH, MobileH, NoPhone, Poverty,
NoVehicle, and Elevation, were negatively associated with the Ratio indexes. A total of nine socio-
economic factors were found to correlate significantly with Ratio indexes in the response phase,
while only four and three were significantly associated with Ratio indexes in the preparedness
and recovery phases, respectively. The top three most significant socioeconomic variables were aver-
aged household income, percent of households without a vehicle, and percentage of employment.
These communities with higher economic vitality have better accessibility to transportation tools;
they are likely to have better access to disaster-related information through Twitter during Harvey,
which may help them better respond to and recover from disasters.

These regression and correlation results demonstrate that the digital divide in disaster-related
Twitter use existed during Hurricane Harvey. Communities with better socioeconomic conditions
had higher disaster-related Twitter use in all three phases of emergency management during
Hurricane Harvey. These results are consistent with previous studies of Hurricane Sandy and Horse-
thief Canyon fire in 2012 (Kent and Capello 2013; Zou et al. 2018). Although social media has
become more ubiquitous in 2017, the digital divide in social media use during disasters still existed
in Harvey.

5.4. Limitations and future research

There are some limitations of this study, which necessitate future research. First, the keyword/rule-
based method to extract Harvey-related tweets could be improved by including a set of location key-
words to identify if a tweet is related to Harvey or Irma. For example, tweets mentioning ‘Houston’ or
‘Texas’ are more likely to be associated with Harvey, while tweets containing ‘Florida’ or ‘Miami’ are
related to Irma and should be excluded from the filtered Harvey database.

Second, the social and geographical analysis indicates that the selected 17 geographical and social
factors cannot fully explain the disaster-related Twitter activities. Other factors, such as damage
caused by disasters, recovery status, and hazard experiences, may also affect disaster-related Twitter
activities and could be considered in future research.

Third, we conducted a preliminary correlation analysis between sentiment indexes and socioeco-
nomic variables, but no clear correlation was detected. Previous studies indicate that damage may
impact public sentiment towards disasters (Kryvasheyeu et al. 2016; Zou et al. 2018). How public
sentiment towards Hurricane Harvey is associated with different topics as well as local
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socioeconomic conditions is unknown. More future investigations on the relationships among senti-
ment indexes, social-geographical factors, and popular Twitter topics at different emergency phases
could be conducted. Twitter data could be categorized as different disaster-related usage types, such
as sharing hazard status, comments of disaster impacts, rescue-related information, and communi-
cations. The results may lead to new research findings on how social-geographical disparities affect
public emotions and concerns during disasters.

Fourth, the Twitter data mining framework could be improved by collecting real-time data using
Twitter streaming API and the Spark Streaming extension. The data used in this study were accessed
and analyzed after Hurricane Harvey. In future events, however, it is necessary to collect and process
social media data in real-time to enable monitoring as well as applications of social media activities
during disasters to enhance emergency management.

Finally, although this study reveals the social and geographical disparities in disaster-related Twit-
ter use during Hurricane Harvey, how such digital divide affects the long-term disaster resilience of
different communities and how to reduce such digital divide so that hazard victims could easily
access disaster- or rescue-related information are important questions for future research to address.

6. Conclusion

This study analyzed the Twitter activities during Hurricane Harvey from 17 August to 12 September
2017. The study sought to answer a fundamental question: did social and geographical disparities of
Twitter use exist during the three phases of emergency management (preparedness, response, recov-
ery). The study employed a Twitter data-mining framework modified from a previous Hurricane
Sandy study and computed two indexes: Ratio and Sentiment. Regression analyses between the
Ratio indexes and the social-geographical variables confirm our hypothesis and reveals significant
social and geographical disparities in Twitter use, with the highest R* (0.48) found in the response
phase. Communities with higher disaster-related Twitter use generally were communities of better
social-geographical conditions. Compared with Hurricane Sandy, the sentiment in Harvey was
tied to the prolonged flooding effect, with the lowest sentiment scores occurring in the recovery
phase instead of the response phase.

There are important implications of the framework and research findings. First, this study
improved the utility of the previously developed Twitter data mining framework. The updated fra-
mework is more efficient for fast data collection and processing of large amounts of Twitter dataset
than the framework in Zou et al. (2018). Second, the computed Twitter indexes provide useful base-
line information on Twitter activity in Hurricane Harvey, which can be used to compare with similar
disaster events across space and through time. Third, the social and geographical disparities in Twit-
ter use found in this study imply that communities with better socioeconomic conditions are more
likely to have access to hazard information and receive rescue responses during emergencies. This
digital divide of Twitter use could further deepen the divide in recovery and resilience among com-
munities. Future research is needed to examine the effects of Twitter use and its disparities on the
disaster resilience of communities, and to test whether Twitter use can serve as an indicator for pre-
dicting the resilience of different communities.
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